BACKGROUND: Optical spectroscopy is a noninvasive technique with potential applications for diagnosis of oral dysplasia and early cancer. In this study, we evaluated the diagnostic performance of a depth-sensi-
for which treatment is less successful and may cause severe deficits in speech, swallowing, facial appearance, and quality of life. 4 Detection and diagnosis of early neoplastic changes may be the best way to improve patient outcomes.
During carcinogenesis in the oral cavity, structural and biochemical changes in both the epithelium and stroma alter the optical properties of dysplastic and cancerous tissue. Increased nuclear size and nuclear to cytoplasmic ratio, increased microvascularization, degradation of stromal collagen, and changes in the concentration of mitochondrial fluorophores such as reduced nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD) lead to changes in optical scattering, absorption, and autofluorescence characteristics within the tissue. [5] [6] [7] [8] Several groups have reported that these alterations can be detected using spectroscopic techniques. [9] [10] [11] [12] [13] [14] [15] Optical spectroscopy may, therefore, be a useful noninvasive and objective clinical tool to help improve early detection and diagnosis of oral neoplasia. In current practice, oral premalignant lesions and cancer are diagnosed by visual inspection and palpation, identification of areas that appear clinically abnormal, and invasive biopsy and histologic examination of the removed tissue. However, visual identification of early lesions can be difficult even for experienced clinicians, 16 and many less experienced examiners such as community dentists, primary care physicians, and health care workers believe themselves to be insufficiently trained to perform this important task. 17 To address the challenge of early detection and diagnosis of oral cancer, several alternative diagnostic techniques and visualization aids for examining the oral cavity have recently become commercially available. These innovations include the OralCDx BrushTest (OralCDx Laboratories, Inc., Suffern, NY), an oral brush cytology test; ViziLite Plus (Zila Pharmaceuticals, Inc., Phoenix, Ariz), a direct tissue visualization technique using acetic acid and a blue light source; and the VELscope (LED Dental, Inc., White Rock, BC, Canada), a handheld device for direct visualization of tissue fluorescence. Clinical studies to evaluate the performance of new diagnostic aids for oral precancer and cancer have been reviewed and critiqued elsewhere. 18, 19 Although promising results have been reported for several diagnostic technologies including optical spectroscopy, none has been definitively proven to improve diagnostic yields over conventional oral examination. 18 Autofluorescence spectroscopy has been reported to be accurate for distinguishing malignant tumors from healthy oral mucosa, but less reliable for distinguishing between benign lesions, such as inflammation, and dysplastic or malignant lesions. 19 Indeed, the presence of inflammation may be a complicating factor in spectroscopic diagnosis of oral lesions; reduced autofluorescence due to inflammation may be difficult to distinguish from reduced autofluorescence due to neoplasia. 20 Because inflammation primarily affects the stroma whereas dysplastic changes occur in the epithelium, depth-sensitive spectral data, particularly that obtained from more superficial layers, may provide more useful information for discriminating benign inflammatory lesions from dysplastic or malignant lesions. We have previously reported the development of a clinical spectroscopy system with a depth-sensitive, ball lens coupled fiber-optic probe for noninvasive in vivo measurement of oral autofluorescence and diffuse reflectance spectra. 21 Here, we describe results obtained using this depth-sensitive optical spectroscopy (DSOS) system to measure oral sites in 124 subjects. The goal of this study was to investigate 3 questions regarding depth-sensitive optical spectroscopy: 1) whether spectral differences are observed in the signal collected from different depth regions; 2) whether the ability to collect signal from different depth regions enhances diagnostic performance; and 3) how the diagnostic performance of depth-sensitive spectroscopy compares to other diagnostic methods.
MATERIALS AND METHODS

Study Population
This study, conducted at the University of Texas M.D. Anderson Cancer Center (UTMDACC) and Rice University, was approved by the Institutional Review Boards at both institutions. Patients with lesions of the oral mucosa and normal volunteers aged 18 years were recruited to participate. Persons with previous squamous cell carcinoma of the oral cavity, previous radiation therapy to the head and neck region, chemotherapy within the previous 6 months, use of smokeless tobacco, or current oral cavity lesions were excluded from the normal volunteer pool. Written informed consent was obtained from all subjects.
Protocol
Spectroscopic measurements of patients were performed at UTMDACC in the operating room immediately before surgery, or in the clinic. Measurements of normal volunteers were performed at UTMDACC and Rice University. No oral rinse or other prior preparation of the oral cavity was required. The oral cavity was inspected by conventional visual examination. Several sites in each subject were selected by the clinician for spectroscopic measurement, including clinically suspicious lesions if present and at least 1 contralateral site with a normal clinical appearance. The clinical appearance of each measured site was categorized by a single expert observer as Normal, Abnormal Low Risk, Abnormal High Risk, or Cancer. Seven expert observers took part in the study, with 2 of the participating experts providing >96% of the clinical evaluations. The probe was placed in gentle contact with the mucosal surface and held in place by the clinician for the duration of the measurement (Fig. 1) . Spectroscopic measurements were performed in a darkened room to minimize the effects of ambient light. The measurements were collected over a period of 21 months with measurements of normal volunteers and patients interspersed throughout that time period. The spectroscopic instrumentation used in this study, including the depth-sensitive fiber-optic probe, methods used for calibration and data processing, and examples of measured spectra from individual sites have been described previously. 21 Briefly, autofluorescence spectra at 12 excitation wavelengths ranging from 300-470 nanometers (nm) and a diffuse reflectance spectrum under white light illumination were collected through each of 4 probe channels with different depth responses, for a total of 52 spectra collected in each 90-second measurement. The shallow channel has a depth response weighted toward the epithelial tissue layer; the medium channel interrogates both epithelium and shallow stroma; and the 2 deep channels collect signal primarily from the stroma. 21 Wavelength calibration, power calibration, and standards measurements were performed daily before or after patient measurements. The probe was disinfected before and after each patient with Cidex OPA (Advanced Sterilization Products, Johnson & Johnson Gateway, LLC). Upon completion of the optical measurements, tissue specimens were collected from the measured sites for histopathologic evaluation. Usually, 4-mm punch biopsies were performed immediately after spectroscopy; however, in some cases, measured sites within a region of tissue to be resected were marked and later identified on the resected tissue. Specimens were placed in fixative and analyzed by the study pathologist. The study pathologist's diagnoses were categorized as Normal/Benign, Mild Dysplasia, Moderate to Severe Dysplasia, or Cancer. For histologic diagnosis, Normal/Benign was defined as normal, hyperkeratosis, hyperplasia, and/or inflammation without dysplasia or with only focal mild dysplasia. There were no benign tumors in the study. In normal volunteers biopsies were not performed but the clinical appearance of measured sites was noted.
Data Analysis
A quality control check was performed for each spectroscopic measurement before analyzing the data. Measurements for which 1 or more spectra were missing or otherwise unsatisfactory due to instrument malfunction or flawed measurement conditions (such as excessive ambient light) were excluded from the analysis. Each measurement site was assigned either a ''hard'' or ''soft'' gold standard diagnosis following the terminology used by Lingen et al. 18 For patient sites, the diagnosis assigned by the study pathologist was used as the ''hard'' gold standard.
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For normal volunteer sites, a ''soft'' gold standard of Normal/Benign was used based on expert clinical impression. All measurements that passed the quality control check and had a corresponding gold standard diagnosis were included in the data set. Data were separated into training and validation sets, with all spectroscopic measurements from a single patient randomly assigned to either the training set or the validation set. The training set was used to define a set of spectral features; to reduce the data to a diagnostically relevant subset of the spectral features; and to develop a diagnostic classification algorithm to classify tissue sites based on the identified subset of spectral features. The algorithm was developed using linear discriminant analysis with automated forward stepwise feature selection. For all calculations of sensitivity and specificity, a binary diagnosis of Normal to Mild Dysplasia (negative) versus Moderate Dysplasia to Cancer (positive) was used. Equal prior probabilities were assigned for positive and negative diagnosis categories. The algorithm was used to calculate the posterior probability of disease for each measurement. In cases for which a tissue site was measured more than once, the highest posterior probability from the measurements at that site was used. Diagnostic predictions were made as the threshold was varied from 0 to 1 to generate a receiver operating characteristic (ROC) curve. The classification algorithm was chosen to maximize the area under the ROC curve in the training set. For the final algorithm, an arbitrary limit of 6 spectral features was imposed to reduce the risk of overtraining. This limit was chosen in part because it is unlikely that >6 endogenous biologic fluorophores and chromophores make major contributions to the measured signal. [5] [6] [7] [8] An operating point on the ROC curve, corresponding to a specific threshold, was established using the training set data. The algorithm and threshold were then applied to the validation set to evaluate the diagnostic performance of spectroscopy with respect to the gold standard. Table 1 summarizes the numbers of subjects, oral sites, and spectroscopic measurements involved in the study. A total of 695 in vivo measurements of oral tissue were collected from 515 sites in 139 subjects. Of the 695 measurements performed, 676 (97%) passed the quality control check. There were 405 measurements of sites in patients that passed the quality control check; of these, 281 (69%) had a corresponding biopsy available from the same tissue site that produced a valid histopathology diagnosis (a ''hard'' gold standard). There were 271 measurements of sites in normal volunteers that passed the quality control check. Of these, all were considered to have a ''soft'' gold standard of Normal/Benign based on expert clinical impression, including 4 sites at which inflammation was noted. The final data set consisted of 552 measurements from 424 sites in 124 subjects. Table 2 shows a comparison between the conventional pathologic and expert clinical diagnosis for sites in patients. The clinical impression category Abnormal Low Risk includes sites described clinically as inflammation, lichen planus, or scar tissue. The clinical impression category Abnormal High Risk includes sites described clinically as leukoplakia, erythroplasia, pre-cancer, dysplasia, or verrucous lesion. In Table 2 , with clinical impression categories grouped as Normal to Abnormal Low Risk versus Abnormal High Risk to Cancer, and histopathologic categories grouped as Normal to Mild Dysplasia versus Moderate Dysplasia to Cancer, expert clinical diagnosis of all patient sites correlated with pathologic diagnosis with a sensitivity of 94% and a specificity of 74%.
RESULTS
Anatomic sites measured include buccal mucosa, tongue (predominantly lateral tongue), floor of mouth, lip, gingiva, and palate (predominantly hard palate). The spectra of normal gingiva and palate sites were observed to differ from the spectra of other normal anatomic sites in both intensity and variability. Based on these observations, and on the results of a separate recent study in which fluorescence microscopy indicated differences in gingiva and palate compared with other oral sites, 20 the 424 sites were divided into 2 groups for analysis: nonkeratinized tissues, including buccal, tongue, floor of mouth, and lip (310 sites); and keratinized tissues, including gingiva and palate (114 sites). The 2 groups were analyzed separately and a different classification algorithm was developed for each group. Figure 2 shows average spectra collected at 350-nm excitation from nonkeratinized tissues for each diagnostic category. The figure illustrates the progressive reduction in blue-green fluorescence intensity that is observed in dysplastic and cancerous oral tissue compared with normal tissue. This loss of fluorescence has been reported by many investigators and serves as the basis for the operation of the VELscope. 8 The reduced fluorescence associated with neoplasia was observed across a wide range of excitation wavelengths from 330 nm to 470 nm in this study. As Figure 2 indicates, spectral differences were observed in the signal collected from different depth Cancer April 15, 2009 FIGURE 2. Average spectra of nonkeratinized tissue by diagnosis, illustrating differences in data obtained at different depths. Left column: Fluorescence spectra at 350-nanometer (nm) excitation; arrows indicate absorption of fluorescent light by hemoglobin. Right column: Reflectance spectra with white light illumination. Top, middle, and bottom: Shallow, medium, and deep probe channels, respectively. An asterisk (*) next to a diagnostic category indicates that differences in the mean intensities of normal tissue and that diagnostic category were statistically significant (2-tailed Student t test, P < .05/6, correcting for 6 comparisons per panel). Peak fluorescence intensity in the 390-to 650-nm region and reflectance intensity ratio at 420 nm were used in the statistical comparisons.
regions through the separate probe channels. The greatest depth-dependent differences occurred in fluorescence measurements at 330-to 350-nm excitation and in diffuse reflectance measurements. At 350-nm excitation at shallow depths, the average fluorescence spectra from normal and dysplastic sites have smooth, rounded peaks, whereas in cancer sites, the peak emission wavelength is shifted to the right (red shifted) and a valley begins to appear in the 420-nm region. At medium depths, the 420-nm valley is evident in the spectra from moderate/severe dysplasia sites as well. Finally, in the deep channel measurements the 420-nm valley appears prominently in all the spectra regardless of diagnosis.
Depth-dependent differences in spectral shape are also evident in the reflectance data shown in Figure 2 . The slope of the reflectance spectrum in the 500-to 650-nm region is relatively flat in the shallow and medium depth data, but increases in measurements from deeper regions. Greater differences in intensity between the diagnostic categories of Normal to Mild Dysplasia and Moderate Dysplasia to Cancer are observed in shallow and medium depth reflectance measurements than in deep reflectance measurements. Note, however, that the general trend of decreasing fluorescence intensity and reflectance intensity with disease progression is observed in all measured depth regions.
A total of 160 distinct spectral features of interest were defined from the measured spectra, including such quantities as peak emission intensity and peak emission wavelength at each excitation wavelength and depth channel. A subset of diagnostically useful features was identified in 2 steps. In the first step, the 160 features were examined and reduced to an intermediate subset of features. The diagnostic performance of each individual feature was first evaluated independently using data from the training set and features were ranked accordingly. Spectra and classification results associated with high-performing individual features were inspected. Features that were derived from spectra that appeared qualitatively similar and that produced similar classification results (similar sensitivity and specificity, and misclassified mostly the same sites) were considered to be correlated. For correlated features, a representative feature with optimal individual performance was included and the other correlated features were excluded. For nonkeratinized tissues, the data were reduced to an intermediate subset of 16 features associated with fluorescence at 380-nm excitation, fluorescence at 470-nm excitation, and reflectance, all using the shallow and medium channels. For keratinized tissues, the data were reduced to an intermediate subset of 36 features including fluorescence at 300-to 330-nm excitation, fluorescence at 470-nm excitation, and reflectance, using the shallow, medium, and deep channels. In the second step, the intermediate set of features was used as input for algorithm development. An algorithm was developed using linear discriminant analysis with automated forward stepwise feature selection, resulting in a final set of 6 features chosen to maximize the area under the ROC curve. Table 3 summarizes the set of optimal spectral features selected for diagnostic classification of nonkeratinized tissues. The 380 nm/472 nm fluorescence excitation/ emission combination using the medium depth channel proved to be the most diagnostically useful single feature for nonkeratinized tissues. This finding is consistent with results reported by Heintzelman et al. 22 The 6 features in the set selected for nonkeratinized tissues were all associ- ated with fluorescence at 380 nm excitation or diffuse reflectance; 5 were obtained using the medium depth channel and 1 was obtained using the shallow channel. For keratinized tissues, diffuse reflectance spectra obtained using the medium and deep channels were optimal for diagnostic classification; fluorescence spectra at 300-330 and 470-nm excitation, obtained using the shallow, medium, and deep channels, were of secondary importance. Figure 3 shows the diagnostic performance of depth-sensitive spectroscopy for nonkeratinized tissues. In the posterior probability plots, the data value on the vertical axis represents the posterior probability of disease at each site according to spectroscopy, and the horizontal lines indicate thresholds established for a positive result. The area under the ROC curve was 0.96 in the training set and 0.93 in the validation set. Using the training set data, Threshold 1 was selected as the operating point. Using Threshold 1, the sensitivity and specificity, respectively, were 94% and 90% in the training set (191 sites in 69 subjects), and 82% and 87% in the validation set (119 sites in 46 subjects). For comparison, Threshold 2 is also shown as an alternate operating point. Using Threshold 2, the sensitivity and specificity, respectively, were 100% and 77% in the training set, and 100% and 73% in the validation set. Figure 3a and 3c also show the diagnostic performance of clinical impression as judged by an expert observer. Note that the data set for clinical impression is a smaller subset of the data set for spectroscopy; only sites in patients were included in calculations of sensitivity and specificity of clinical impression, because in normal volunteers the gold standard itself is based on clinical FIGURE 3. Diagnostic classification results. Left column: Nonkeratinized training set (191 sites in 69 subjects). Right column: Nonkeratinized validation set (119 sites in 46 subjects). Top row: receiver operating characteristic (ROC) curves for depth-sensitive spectroscopy; sensitivity and specificity values for clinical impression; and sensitivity and specificity values reported in the literature. Bottom row: Posterior probability values corresponding to the plotted ROC curves. Sensitivity and specificity of spectroscopy in the keratinized set (114 sites in 64 subjects) are also shown in (a). n, number of subjects; AUC, area under ROC curve.
impression. For clinical impression, a binary grouping of Normal to Abnormal Low Risk (negative) versus Abnormal High Risk to Cancer (positive) was used. For nonkeratinized sites in patients, expert clinical impression had a sensitivity of 97% and a specificity of 74% within the training set (70 sites in 31 patients), and a sensitivity of 94% and a specificity of 75% within the validation set (45 sites in 21 patients). Figure 3b and 3d compares the performance of depth-sensitive spectroscopy and expert clinical impression at individual sites. In the training set, spectroscopy (using Threshold 1) misclassified 2 of 32 positive sites and clinical impression misclassified 1 of 32 positive sites, with 1 site misclassified by both; and spectroscopy misclassified 16 of 159 negative sites and clinical impression misclassified 10 of 38 negative sites, with 8 sites misclassified by both. In the validation set, spectroscopy misclassified 3 of 17 positive sites and clinical impression misclassified 1 of 17 positive sites, with 1 site misclassified by both; and spectroscopy misclassified 13 of 102 negative sites and clinical impression misclassified 7 of 28 negative sites, with 5 sites misclassified by both. Also shown in Figure 3a and 3c are sensitivity and specificity values reported in the literature [6] [7] [8] [22] [23] [24] [25] [26] [27] [28] for spectroscopy and imaging studies based on measurements of blue-green autofluorescence and/or diffuse reflectance. Values reported from a single data set or from a training set are shown in Figure  3a . Values reported from an independent validation set are shown in Figure 3c . For keratinized tissue, there were insufficient sites for analysis using separate training and validation sets. Five-fold cross-validation was used instead to evaluate the diagnostic performance of depth-resolved spectroscopy. In the cross-validation set of 114 keratinized sites, the area under the ROC curve was 0.76; at a selected operating point the sensitivity was 79% and the specificity was 80%, as shown in Figure 3a .
DISCUSSION
Our results demonstrate the diagnostic potential of optical spectroscopy for objectively and noninvasively distinguishing dysplastic and cancerous oral sites from benign lesions and normal mucosa. Furthermore, these findings support the use of a depth-sensitive spectroscopy system to enhance diagnostic performance of optical spectroscopy.
The first question addressed by this study is whether spectral differences are observed in the signal collected from different depths in oral tissue. As shown in Figure 2 , spectra collected using the shallow, medium, and deep channels of the depth-sensitive probe have distinctive characteristics. Fluorescence spectra collected from deeper in the tissue display a different spectral shape than spectra collected from superficial tissue, including a more pronounced valley in the 420-nm wavelength region. This depth-dependent variation in fluorescence spectral shape is attributed partly to hemoglobin, which is present within vascular spaces in the stromal layer and absorbs a portion of the emitted fluorescence; this finding is particularly noticeable at 330-to 350-nm excitation, where the peak fluorescence emission lies near the hemoglobin peak absorption wavelength of 420 nm. The depth-dependent distribution of fluorophores in the tissue also plays a role, with epithelial fluorophores such as NADH contributing primarily to the signal measured from shallow depths, and stromal fluorophores such as collagen contributing primarily to the signal measured from deeper regions. Depth-dependent variations are also observed in the reflectance spectra. Whereas the characteristic hemoglobin absorption spectrum is evident in the reflectance spectra from all depth channels, the reflectance spectra from shallow and medium depths show greater intensity differences among diagnostic categories than those from deeper in the tissue. This finding suggests that the shallow and medium channels may be more sensitive than the deep channels to alterations in the optical scattering properties of the epithelium, where early changes in nuclear size and nuclear to cytoplasmic ratio occur.
The second question is whether signal collection from different depth regions enhances diagnostic performance. In this study, the ability to collect and analyze data from specific depth channels did prove to be diagnostically useful. For nonkeratinized tissue, optimum diagnostic performance was achieved using only spectra from shallow and medium depths. It is interesting that the medium depth channel, which interrogates epithelial and shallow stromal regions, provided the best diagnostic performance of any channel alone. It provided slightly better discrimination between normal and abnormal sites than the shallow channel, which is strongly weighted toward the epithelial layer and minimizes the effects of hemoglobin absorption. The medium channel also outperformed the deep channels, which primarily interrogate stromal regions and are strongly affected by hemoglobin absorption. Thus, it appears that the most diagnostically significant tissue alterations detected by optical spectroscopy occur in the deeper portion of the epithelium and in the shallow region of the stroma. These diagnostically important alterations are likely to include changes in nuclear size and nuclear to cytoplasmic ratio in the epithelium, and increased hemoglobin absorption and breakdown of collagen crosslinks in the shallow stroma. [5] [6] [7] [8] This region is also critically important for identification of dysplasia and invasive carcinoma using standard histopathologic evaluation. Indeed, pathologic grading of dysplasia is also imperfect and subject to interobserver variability. 29 The third question addressed by this study is how the performance of depth-sensitive optical spectroscopy compares to that published for other diagnostic methods for distinguishing neoplastic from non-neoplastic oral mucosa. A wide range of sensitivity and specificity values for various oral cancer detection techniques has been reported in the literature using a variety of study designs and subject populations. The OralCDx test has been reported to perform as well as 100% sensitivity and 93% specificity, 30 and as poorly as 71% sensitivity and 32% specificity. 31 Two studies have reported that the ViziLite system has a high sensitivity (100%) but extremely low
specificity (0%-14%). 32, 33 A single pilot study of the VELscope reported a sensitivity of 98% and a specificity of 100%. 8 In this study of DSOS, we report a sensitivity of 94% and a specificity of 90% in the training set and a sensitivity of 82% and a specificity of 87% in the validation set. As Figure 3a indicates, the results obtained for the training set are comparable to results reported in the literature for other spectroscopy and imaging studies using either a training set or a single data set. Spectroscopy and imaging studies that include an independent validation set are infrequent. Heintzelman reported a sensitivity of 100% and a specificity of 98% in an independent validation set of 281 sites in 56 subjects, but only 4 of the sites were abnormal. 22 Majumder et al. reported a sensitivity of 95% and a specificity of 96% in a validation set derived from measurements of 29 subjects 23 ; however, as noted by De Veld et al., 19 the analysis included a preprocessing step that introduced information regarding lesion type.
Here, we report a sensitivity of 82% and a specificity of 87% in a validation set of 119 sites, 17 of which are abnormal, in 46 subjects. The diagnostic performance of DSOS in nonkeratinized sites approaches that of expert clinical diagnosis (Fig.  3) , and the 2 methods tend to err on many of the same sites. This finding suggests that this objective technique may improve the ability of clinicians to diagnose early oral neoplasia, regardless of their experience, especially given that this particular study population was quite a difficult one; it included many patients with extensive field cancerization as well as individuals who had received previous surgery and/ or radiation treatment. The diagnostic performance of DSOS in keratinized sites (gingiva and hard palate) is lower than in nonkeratinized sites, and different algorithms appear to be needed to obtain optimal performance in keratinized tissue. Although the majority of cancers in the oral cavity arise in nonkeratinized tissue (>80%), 2 this is an important consideration for future study.
The context of this study should be considered when interpreting its results. A large fraction of the study population consisted of patients with oral cancer or a history of oral cancer. The diagnostic performance of expert clinical impression in this study is likely to have been inflated because participating patients had all been referred to a tertiary care cancer center, many with previous biopsies indicating dysplasia or invasive carcinoma. Further work is needed to characterize the performance of DSOS in a community setting with a more general population, in which most patients have no disease or inflammatory disease.
Overall, the results of this study indicate that DSOS can be a useful technique for noninvasive evaluation of oral lesions, especially in situations in which the oral screening examination is performed by a community dentist or health care worker rather than an expert clinical observer. In practice, it is anticipated that the depthsensitive point probe system would be paired with a widefield imaging device 34 ; the imaging device would identify regions of interest, and the depth-sensitive point probe would be used for noninvasive evaluation of those sites. The identification of diagnostic algorithms based on a limited number of excitation wavelengths and depth channels should enable fabrication of simplified DSOS devices that are portable and comparatively inexpensive. This advance should facilitate transition of these noninvasive and objective techniques from the laboratory to community and low-resource settings, for which they are needed most to aid diagnosis of oral dysplasia and cancer.
